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This thesis describes a polydimethylsiloxane (PDMS) microfluidic device for 
measuring the viscosity of both Newtonian and non-Newtonian fluids. 
The viscometer utilized the high solubility and permeability of air in PDMS to 
generate Poiseuille flow in the degassed PDMS microfluidic device. By measuring the 
distance the fluids traveled and the flow velocity in the PDMS microchannel, the ratio 
of the viscosity of the sample fluid to the viscosity of a reference fluid was determined, 
and the viscosity of the sample fluid was then obtained. Only 5 |liL or less volume was 
consumed for the viscosity measurement. 
For most of the tested Newtonian fluids, the results were in good agreement with 
the results from Ubbelohde viscometers, and the coefficients of variance were 3 % or 
better. The wettability of the Newtonian fluids on PDMS did not affect the measurement 
as the capillary forces were cancelled out in the data analysis. 
Degassed PDMS can be considered as vacuum source, which could be controlled 
by the chamber size of PDMS devices. Therefore we could generate a wide range of 
shear rates in PDMS microchannels by a single PDMS viscometer with different 
chamber sizes and degassing times. Viscosities of poly(ethylene oxide) (PEO) and 
starch aqueous solutions were successfully measured under shear rates varying from 10 
to 1000 s'l. 
The PDMS viscometer was found applicable to a broad range of fluids, including 
aqueous solutions, non PDMS-swelling organic solvents, fluorinated oil, and blood 
plasma which are Newtonian fluids, and dilute polymer solutions and starch solutions 
ii 
which are non-Newtonian fluids. 
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Glossary 
F force causes fluid flow 
T shear force 
7 shear rate 
rj dynamic viscosity 
V kinematic viscosity 
p density of the liquid 
V velocity of the fluid 
L length of the fluid column inside the channel 
H viscosity of the Newtonian fluid 
t time 
5 constant related to the channel geometry 
AP pressure drop between the inlet and the moving front of the fluid 
dh hydraulic diameter of the channel 
Po atmosphere pressure 
Pi air pressure inside the PDMS channel 
Pc pressure caused by capillary force 
6 dynamic contact angle of the fluid with PDMS 
y surface tension of the fluid 
T^v shear stress at the wall 
shear rate at the wall 
vi 
Taw apparent or Newtonian shear rate at the wall 
n power law exponent 
d depth of the microchannels 
w width of the microchannels 
vii 
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Chapter 1 Introduction 
1.1 Physics parameter viscosity 
Viscosity is a fundamental characteristic property of all fluids. When a fluid flows, 
it has an internal resistance to flow. Viscosity is a measure of this resistance to being 
deformed by either shear stress or extensional stress. Viscosity can also be termed as a 
drag force and is a measure of the frictional properties of the fluid. Viscosity is a 
function of temperature and pressure. 
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Figure 1.1 The buildup to the steady, laminar velocity profile for a fluid contained 
between two plates. The flow is called "laminar" because the adjacent layers of fluid 
slide past one another in an orderly fashion. 
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Viscosity is expressed in two distinct forms: (a) absolute or dynamic viscosity; (b) 
kinematic viscosity. Dynamic viscosity is the tangential force per unit area required to 
slide one layer against another layer (Figure 1.1) when the two layers are maintained at 
a unit distance Y. When the final state of steady motion has been obtained, a constant 
force F is required to maintain the motion of bottom layer at velocity K[l] Since the 
viscosity of a fluid is defined as the measure of how resistive the fluid is to flow, in 
mathematical form, it can be described as: 
r = ri'Y (1.1) 
where r is shear force, rj is dynamic viscosity and y is shear rate. 
The shear rate is usually expressed as: 
• 1 dx V 门 … 
Y = r = 一 (1-2) 
jc at X 
where x is the length, t is the time and dx/dt is the velocity v. Therefore, the dynamic 
viscosity can be written as: [2] 
rj = — = T— (1.3) 
y V 
Kinematic viscosity requires knowledge of density of the liquid, p, at that 
temperature and is defined as: 
u = (1.4) 
P 
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Common units for viscosity are Poise (P), Stokes (St), Saybolt Universal Seconds 
(SSU) and degree Engler.[2] However, centipoise (cp) is the most convenient unit to 
report absolute viscosity of fluids, and will be used in this thesis. Centipoise is 1 / 100 
of a Poise. (The viscosity unit Poiseuille, in short Poise was named after French physician, Jean Louis 
Poiseuille (1799-1869)). 
In the SI system the dynamic viscosity units are N-s/m^, Pa.s or kg/m-s and, 
1 Pa.s = IN-s/m^ = 1 kg/m-s. 
In the metric system of units called CGS (centimeter-gram-second) system, the 
dynamic viscosity is often expressed as g/cm-s, dyne-s/cm or poise (P) where, 
1 poise = 1 g/cm-s = 1 dyne-s/cm = 1/10 Pa.s. Therefore, 
1 centipoise = 1/100 poise = 1/1000 Pa.s = 1 mPa.s. 
Viscosity is a critical fluid property, and viscosity monitoring is essential to both 
basic research and industrial and clinical applications. For example, the solution 
viscosity plays a significant role in many biological events, such as protein dynamics, [3, 
4] enzymatic kinetics,[5, 6] and cell mitosis.[7, 8] 
In industries of food and chemical manufacturing, viscosity is a key factor in 
quality control and in screening process. In medical diagnosis, anomalies of blood 
plasma viscosity are associated with diseases such as diabetes, hypertension, infarctions, 
3 
and infections. [9-14] The viscosities of other body fluids, such as synovial fluid[15] and 
urine, [16, 17] are also factors predictive of certain diseases. 
1.2 PDMS microfluidics device 
Polydimethylsiloxane (PDMS) is a silicone-based polymers and is commonly used 
in fabricating microfluidic devices due to its low cost, simple fabrication procedure and 
the excellent optical transparency. [ 18-21 ] 
PDMS is usually synthesized by cross-linking reaction which can be either initiated 
by organic peroxides (Figure 1.2) or rare metal catalysts such as platinum (Figure 1.3). 
PDMS initiated by organic peroxides is typically cured by heating one-part systems 
containing linear silicone chains and the peroxide catalyst. Peroxides were broken down 
into free radicals, which initiate cross-linking between the side chain groups. The cure 
time depends on the activation temperature of the peroxide catalyst. 
The second method for curing silicone rubber used a two-part system, with one part 
containing the Pt cross-linking agent combined with silicone hydride substituted 
monomers and the other consisting predominantly of methylvinyl-based silicones, that 
is mixed just prior to casting. In the presence of a noble metal catalyst such as platinum, 
an addition reaction occurs, resulting in a uniformly vulcanized rubber. Cross-linking 
efficiency is affected by the spacing between the hydride groups and as well as the vinyl 
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air in PDMS,[25] and flow driven by water permeation in PDMS microchannel was 
demonstrated by Doyle and coworkers.[26] In this thesis, we used degassed PDMS to 
generate vacuum and aspirate fluid into the microchannels. By characterizing the 
movement of the fluid, the viscosity of the fluid could be determined. The viscosities of 
many Newtonian fluids, including various aqueous solutions, several organic solvents 
as well as blood plasma were successfully measured on the PDMS viscometer. We also 
extended the application of PDMS viscometer to some common types of 
Non-Newtonian fluids, such as polymer solutions and starch solution. 
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Chapter 2 PDMS viscometer for microliter Newtonian fluid 
2.1 Introduction 
Viscosity is generally measured in mechanical viscometers. The most common 
types include the capillary viscometer, where fluid flows through a capillary tube under 
pressure, the cone and plate viscometer, where the fluid is sheared between one fixed 
and one moving surfaces, and the falling-ball viscometer. A major limitation of these 
viscometers is that milliliter or more fluid is needed for the measurement. Such large 
consumption of the fluid is not appropriate for many biological and medical samples, 
which are often available in microliter or less. 
To address this issue of large sample comsumption, many miniaturized viscometers 
have been developed.[27-30] For example, Midler et al. reported a microviscometer 
using the falling-ball method,[29] which required 10 to 50 |liL fluid for the measurement. 
The microviscometer had a complex setup involving an electronic detector system and 
an inclining-angle controlling unit. Many other miniaturized viscometers involved 
generating fluid flow in capillaries with sub-millimeter diameter. Recently, Burns and 
co-workers built a silicon-glass hybrid microfluidic device to measure the viscosities of 
both Newtonian and non-Newtonian fluids by capillary force.[31, 32] Measurement of 
the flow rate and the distance that the fluid had traveled allowed the calculation of the 
fluid viscosity. Sub-microliter volume of the sample was needed for the measurement. 
However, this method was limited to low-viscosity fluids and the precision remained to 
be improved. In addition, the fabrication of the silicon-glass device was costly. Guillot 
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et al. utilized a simple T-shaped microfluidic channel to generate multiphase laminar 
flow. [33] By studying the shape of the interface between the two fluids and shear rate of 
the system, the viscosity of the fluid could be computed. The drawbacks of this method 
were that it required accurate control of the flow rate by syringe pumps, and the 
interface of the biphase flow could be difficult to observe or study. 
To address the issues of the aforementioned methods, we developed a PDMS-based 
viscometer for Newtonian fluids. This viscometer greatly improved the range and 
precision of the viscosity measurement, and did not need syringe pumps for flow 
control. In this chapter, we used degassed PDMS devices as power source to generate 
vacuum and aspirate fluid into the microchannels. By characterizing the movement of 
the fluid, the viscosity of the fluid could be calculated. The viscosities of many 
Newtonian fluids, including various aqueous solutions, several organic solvents as well 
as blood plasma were successfully measured on the PDMS viscometer. 
2.2 Configuration of the PDMS Viscometer 
The PDMS viscometer consisted of one chamber (50mm x 20mm x 60|im) 
connected with three microchannels: sample channel (SC), reference channel (RC), and 
control channel (CC) (Figure 2.1). Two of the microchannels, SC and RC (/z�60 |j.m, 
w�100 |im, Ztotai~20 cm) were used for measuring viscosities. The third microchannel, 
CC (/z�60 |Lim, w � 5 0 |im, Ztotai�10 cm), was used to control the starting time of the flow 
of the fluids. Here h and w are the height and width of the channels, respectively. 
8 
國 
Figure 2.1 A photograph of a PDMS viscometer. The chamber's dimension was 50 mm 
X 20 mm x 60 fJm. with arrays of supporting posts to prevent the collapse of the 
chamber. The chamber was connected with three channels: sample channel (SC), 
reference channel (RC) and control channel (CC). 
A degassed 10:1 mixture of PDMS precursor with the curing agent (Sylgardl84, 
Dow) was cast onto the relief mold on silicon wafer.[19, 21, 34] The relief mold was 
fabricated by photolithography technique using SU-8 (Microchem) as the photoresist. 
After being cured at 60 for at least 2 hours, the PDMS slab (about 3 mm thick) was 
cut and peeled off from the mold, and treated by air plasma ( P l a s m a - P r e p T M n, SPI). A 
flat PDMS slab and a PDMS slab with the patterned microchannels were bonded to 
form a PDMS viscometer. 
9 
2.3 Mechanism of passive pumping 
When the PDMS viscometer was placed in the vacuum desiccator for 15 min, the 
air adsorbed in PDMS was gradually depleted, resulting in a vacuum state inside PDMS 
(Figure 2.2a). After the PDMS viscometer was placed back to atmosphere, air started 
diffusing back into the PDMS. Since both the top and the bottom of the PDMS 
viscometer were blocked by glass slide, the diffusion of air occurred by air flowing 
through the microchannel to the internal chamber then into the PDMS (Figure 2.2b). 
The diffusion was a slow process. For a 6 mm-thick PDMS viscometer with the 
microchannel and chamber in the center, it took approximately 12 min for the PDMS to 
reach half-saturation with air. [25] The measurement of viscosity was usually finished 
within 4 to 5 min after the viscometer was taken out of the vacuum desiccator, while the 
PDMS viscometer still had most of its activity. Once all the three inlets of the 
viscometer were blocked, the air pressure inside the microchannel and the chamber 
started to drop due to the continuous diffusion of air into PDMS (Figure 2.2c and Figure 
2.2d). Therefore a pressure difference was generated from the two ends of the fluid at 
the inlets. If the fluid wet PDMS, the flow of the fluid caused by the capillary force 
would accelerate; if the fluid did not wet PDMS, when the pressure difference overcame 
the resistance caused by the capillary force, the fluid started to flow into the 
microchannel (Figure 2.2d). 
10 
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Figure 2.2 A schematic illustration of the process of the viscosity measurement in the 
PDMS viscometer, (a) The PDMS viscometer was placed in a vacuum desiccator and 
the air in PDMS was depleted, (b) The degassed PDMS device was brought back into 
atmosphere, and air went through channel to chamber and then diffused into PDMS. (c) 
The sample inlet and reference inlet were sealed with sample droplet and reference 
droplet, respectively. If the fluid did not wet PDMS, there would be no flow, (d) The 
third inlet of the control channel was blocked to start the measurement. 
2.4 Theory of the PDMS viscometer 
The pressure-driven laminar flow inside microchannels can be described by the 
Hagen-Poiseuille equation,[l] 
V 二 左 E (2.1) 
Sju L 
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where v is the velocity of the fluid at time t; L is the length of the fluid column inside 
the channel at time t; // is the viscosity of the fluid; is a constant related to the channel 
geometry, and for rectangular cross section, S is 32;[35] AP is the pressure drop 
between the inlet and the moving front of the fluid; dh is the hydraulic diameter of the 
channel, ck = 2hw/(h+w).[36] 
Figure 2.3 Pressures in the degassed PDMS viscometer. P � i s the atmosphere pressure; 
Pi is the air pressure inside the PDMS channel; P � i s the pressure caused by capillary 
force; L is the length of the fluid inside the channel; 0 is the dynamic contact angle of 
the fluid with PDMS. 
There are two contributions to AP, APd and Pc, and AP = APd + Pc (Figure 2.3). 
APd is the difference between the internal and external air pressure, i.e., APd = P�— Pi, 
where P � i s the atmosphere pressure and P, is the air pressure inside the PDMS channel; 
Pc is the pressure contributed by capillary force, i.e., P. = 2y • cos + —) ,[37] where 
h w 
y is the surface tension of the fluid, and 6 is the dynamic contact angle of the fluid with 
PDMS (Figure 2.3). 
12 
I . 
锦•“...……、 . ： … ― i ； tm fe-���. . r ‘ t-ffg ：‘.;:】、….….-二. .… …… I ^ I — , ‘ t 声 
kj-'r^" ‘ • ' • i ‘ i I I 
I “ ‘ 、I r - J . . i I； 
！…- - I ‘ I , W x 械- . \ 
- . - „ ！芝 、圣• , ‘ J ‘ . M 
> • . . . 、 . . ， . 、 、 - • . ； > • ： » ； 、 < ; 、 • • • . . - . . ... . • ..V .. ： j I i .. 
. : • • 〜 . . . ' ： • ： . • • . • “ • > • , . ;...- - . .. . i - V' ！ ‘ L" i ： 
. , ' ^ I 
： . - • . , — I • - 、 • ‘ I \ 
/ “ -- . • ？ . - ^ ^ I , 
^ ^ ^ ^ ™ I 
f >•. •  . . • " . . 、 • •零 
響 i l l .. ’. 暫 
(a) {b) t=Os 
断“‘… . “ 、 _ ‘ 111 I " f 
1 、 lit：:；,. . II II ." ：， ,； ；I 
. ！ • ^ -""T 1 ‘ 
r … . ‘. ‘、 ， 卜 . 叶 ， … . - 叫 ’ . : . . . > . . 
i . ！ I giH . 
i . • i " ’： q : � : .，. — — — - ^ ― — r i j �； 
—‘ I I I —―…•—— f 
1 、 『〜？ . I 1 ii 
WW"- - - “…. • • • I 、“W^.、、,‘； .. • HifttrtHMiili'**."*.-. 1111111 •丨1丨_丨"丨__.__一_.- ™™ • £ 
(c) t=20s (d) t=40s 
Figure 2.4 Microphotographs of a test run on the PDMS viscometer, (a) Two inlets 
were blocked with sample and reference fluid droplets, (b) At time zero, the third inlet 
was being blocked by a droplet of fluid, (c) and (d) are microphotographs of the fluids 
running inside the channels. Dye solutions were added for better demonstration effect. 
All the scale bars are 5 mm. 
In our experiment, time zero (t = 0) is defined as the moment when the control 
channel is blocked (Figure 2.4). Due to the dynamic process of the diffusion of air into 
PDMS from the channel and the chamber, the internal pressure Pi monotonously 
decreases with t when t > 0，therefore P, = Pf {f)\ accordingly AP = Po-Pi (0 + Pc- In 
our system, Pi (t) is the same value for both fluids at any time t, therefore: 
13 




d 2 ^reference^reference^^^^reference- P � ( 0 ^c,reference (2.3) 
Both Equation 2.2 and 2.3 are valid only when P � - Pi(t) + Pc>0. For sample fluid that 
wets PDMS, Pc,sample > •，and the flow starts before time zero, therefore Equation 2.2 
applies for t > 0. For sample fluid that does not wet PDMS, Pc,sample < 0, the fluid has to 
wait for a period of Tsamph when Pi{t) decreases from P�to P�+ Pc,sample, and then the 
flow starts and Equation 2.2 applies for t > Tsampie- For the reference fluid (water), which 
is non-wetting on PDMS, Equation 2.3 is also valid only when t is over a constant 
T^ reference- We define a time constant r，which is equal to the higher value between Zsampie 
and Treference- All the rcst analysis applies to the period when t> r. 
Rearrange the result of Equation 2.3 - Equation 2.2, we obtain 
Y ^ X y s. _ Example j ^ >. ^ 72 ^c,reference ^c,sample j 
^rcfcrenca V refurencc = ^sample V sampk + “ �二碎J | 
Preference ^Mreference 
Assuming that Pc is constant during the measurement for both the sample and the 
reference fluids, the last item in Equation 2.4 is a constant. Equation 2.4 is valid no 
matter whether the sample fluid wets PDMS or not. In the experiment, L and v can be 
measured. By plotting LreferenceVreference 
versus Lsample^sample 
the slope of }lsamplJl^reference 
is obtained. 
14 
2.5 Viscosity Measurement in PDMS Viscometer 
After the fabrication, both the top and the bottom of the PDMS viscometer were 
covered by a piece of glass slide. The PDMS viscometer was then placed in a vacuum 
desiccator, and kept for about 15 min under a vacuum of 10 kPa. After the degassing 
process, the PDMS viscometer was taken out and placed under a stereomicroscope 
(MZ16, Leica) equipped with a CCD camera (SPOT Insight, Diagnostic Instruments). 
Two droplets (5|j.L each), one with the unknown viscosity (sample fluid) and the other 
with known viscosity (reference fluid), were added separately by micropipette to the 
inlets of the two microchannels of the PDMS viscometer. Deionized water was used as 
the reference fluid in the experiment. When the inlet of the third microchannel was 
blocked, the CCD camera started to capture the images at an interval of 1 second. The 
distances in micrographs were first calibrated using stage micrometer then analyzed by 




To verify the results from PDMS viscometer, the conventional viscosity 
measurement was also carried out by using a series of Ubbelohde viscometers 
(diameters: 0.4, 0.6，0.8, 1.0, 1.5 mm; SUNLEX, Shanghai). 10 mL fluid was needed for 
each measurement. Measurements both by capillary viscometer and by PDMS 
viscometer were carried out at the same time to ensure the temperatures were the same 
for both results. The room temperature ranged from 21.5 to 22.5 
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The densities of the glycerol (AR, BDH, England) solutions, the lysozyme (Wako, 
Japan) solution (1.0 mg/mL in 50 mM sodium acetate buffer, pH 6.0)，and blood plasma 
were measured by weighing a series of the fluid with increasing volume, which was 
measured by a micropipette. The densities of ethanol (AR, Merck, Germany), 
1 -propanol (AR, Labscan Asia, Thailand), ethylene glycol (AR, Sigma-Aldrich), 
dimethyl sulfoxide (DMSO) (AR, Labscan Asia, Thailand), propylene carbonate (AR, 
Sigma-Aldrich), FC-3283 (a fully-fluorinated oil, 3M Fluorinert™) were obtained from 
literature reference.[38] The kinematic viscosity measured by Ubbelohde viscometer 
was then multiplied with the density of each fluid to convert to viscosity for 
comparison. 
2.5.1 Preparation of Blood Plasma 
Whole blood was extracted from healthy persons. The whole blood was centrifliged 
at 3600 rpm and 4 for 10 min. The supernatant was collected as the blood plasma. 
The plasma was stored at 0 and was used within five hours after the preparation. 
2.5.2 Measurements of Glycerol Solutions 
Each image from the experiment allowed the measurement of Lsample and Lrefereme 
(Figure 2.4). From two images with a time interval (AO of 1 second, the increase of the 
length (AZ) of both sample and reference fluids could be measured, and velocity v = 
AI/Ar . Both Lsample^sample and Lreference^reference COuld bc obtained aS a f u i l C t i o n of time. 
According to Equation 2.4, by linear fitting the curve of Lreference^ reference versus 
16 
LsampleVsample, the slope, jUsampie/jUre/erence, was obtained (Figurc 2.5). The viscosity of the 
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Figure 2.5 (a) The plot of IreferenceVreference V C r S U S 丄sampleVsample of the fluids that did not 
wet PDMS. (b) The plot of IreferenceVreference VCrsUS IsanipleVsample of the fluids that W C t 
PDMS. 
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By using water as the only reference fluid, we were able to measure a series of 
glycerol solutions with different concentration on the PDMS viscometer. The sample 
viscosity ranged from 1 to 80 mPa s, and the results matched those measured by 
Ubbelohde viscometers (Table 2.1). 
Table 2.1 Viscosities of various fluids measured by the Ubbelohde viscometer and by 
the PDMS viscometer. 
Ubbelohde PDMS viscometer" 
viscometer^ 
Sample “ (mPa s) fi (mPa /i (mPa s)� 
10.0% glycerol 1.25 士 0.01 1.24 土 0.02 1.23 ±0 .02 
50.0% glycerol 5.59 士 0.01 5.58 士 0.20 5.58 士 0.19 
60.0% glycerol 9.89 士 0.02 10.1 ± 0.1 10.1 ± 0.1 
70.0% glycerol 18.8 ± 0.1 20.3 士 0.2 20.0 士 0.7 
80.0% glycerol 44.6 士 0.3 42.3 士 0.5 42.6 士 0.4 
85.0% glycerol 86.5 士 0.6 83.0 士 1.7 83.8 士 2.5 
Ethyleiie glycol 17.2 士 0,1 17.3 士 0.3 17.3 土 0.2 
Lysozyme solution 0.923 士 0.001 0.91 士 0.01 0.91 士 0.02 
DMSO 2.08 士 0.01 2.20 ± 0 . 0 6 2.20 ±0 .06 
Propylene carbonate 2.60 士 0.01 2.58 ± 0.10 2.54 ±0 .12 
FC-3283 1.56 士 0.01 1.64 士 0.03 1.64 士 O.CB 
Blood plasma 1.27 士 0.01 1.30 士 0.02 1.31 士 0.01 
Ethanol U 3 ± 0 . ( ) l 1.9 ± 0 . 4 1.9±().；3 
1-propanol 1.97 士 0.02 2.6 士 0.3 2.6 士 0.3 
a Each sample was measured five times by both the Ubbelohde viscometer and PDMS 
viscometer. 
b Measured by using (2.4). 
e Measured by using (2.7). 
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2.5.3 Measurements of Protein Solution and Blood Plasma 
A viscometer that consumes ultralow sample volumes is particularly useful for 
biological samples, such as protein solutions, cytoplasm, and body fluid. We tested 
lysozyme solution using the PDMS viscometer. The result agreed well with the 
viscosities from the Ubbelohde viscometer (Table 2.1). 
It has been established that blood plasma is a Newtonian fluid. [10, 39] The 
viscosity of blood plasma has been used as an important and useful factor in diagnosis 
and prevention of diseases. We carried out the viscosity measurement of the blood 
plasma at 37 The PDMS viscometer was placed on top of a heating plate. The 
temperature of the microchannel was monitored by a thermometer microprobe inserted 
into PDMS close to the microchannel, and the temperature was maintained at 37 
The Ubbelohde viscometer was placed in a 37 °C water bath to measure the kinematic 
viscosity of the blood plasma. The density of the blood plasma was determined as 1.053 
g mL-i at 37 The result from the PDMS viscometer matched the value obtained from 
the Ubbelohde viscometer (Table 2.1). 
2.5.4 Measurements of Organic Solvents 
We also measured the viscosities of several common organic solvents. The results 
of ethylene glycol, DMSO, propylene carbonate, FC-3283 agreed well with the results 
from Ubbelohde viscometer (Table 2.1). All of these organic solvents except ethylene 
glycol have advancing contact angles smaller than 90° on PDMS,[40] and the fluid 
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would spontaneously flow into the PDMS channel once a drop of the fluid was placed at 
the inlet. However, such capillary force induced flow did not interfere with the 
measurement, as suggested by the theory (Equation 2.4) and by the measurement result. 
Two organic solvents, ethanol and 1 -propanol, yielded viscosity values which were 
different from the results of Ubbelohde viscometer by 68 % and 32 %, respectively 
(Table 2.1). We attributed the large error to the dissolution of the two alcohols in 
PDMS,[23] which caused significant loss of the fluid during the experiment. For 
ethanol, another important factor could be the high volatility, which also caused loss of 
the fluid. The movement of the fluid was slowed down due to the loss of the fluid, and 
the apparent viscosity would be higher, as confirmed by the result from the PDMS 
viscometer. We believe it is possible to improve the situation by coating the PDMS 
microchannel with Teflon[41-44] or glass[45] to significantly reduce the dissolving of 
the fluid into PDMS during the experiment. For example, Abate et al[45] developed a 
sol-gel chemistry method to coat PDMS microchannels with a glass-like layer. They 
used tetraethoxysilane (TEOS) and methyltriethoxysilane (MTES) as precursors and 
initiated the gelation reaction by heating the device on a 100 °C hotplate. After about 10 
s, 10 mL of air was used to flush out the sol and the desired coating was obtained. This 
glass-like layer greatly improved chemical resistance of the microchannels. 
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2.6 Data Analysis 
We first performed linear fitting on the CUrVC of Lreference^reference VCfSUS Lsample^sample 
to obtain the slope 叫ample//^reference, and jUsampie was calculated by multiplying the value of 
the slope with preference-
The second method of data analysis was as follows: 
In Equation 2.4，we replaced v with dZ / dt: 
r …孔reference(f) M.iample j ” � " � v a m p / e � , ^ 2 ^ c.reference ~ ^c,sample /n r\ 
Lrefcrcnceit) ^ = 丄 — ⑴ T + ^h ^ (丄 dt /^reference 冲 ref賺 ce 
The integral of both sides of Equation 2.5 over t from tj to t�with the restriction that t�> 
ti > T, would yield 
2 2 
^reference reference (O 
/^sample rj 2 , , � ， ” � i ^ > . x ^c,rcfcrcnce —尸cy—e (2.6) 
/^reference ^t^reference 
Reorganizing Equation 2.6, we had 
^reference (,2 ) ^reference ) 
2 一 （2.7) 
一 f^sample 
L卿丨e ft) I 2 PcMe酬e-Pc譯pie 
Preference h - ^f^referencc 
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Again we assume that P � i s constant for both fluids, thus by linearly fitting the curve of 
2 2 2 2 
丄—（…Z•隱（,丨)versus 丄 漏 摊 ’ e we can obtain the value of 
ti-tx h-h 
l^sample/(•^reference* 
The viscosities obtained through the second method of analysis were almost 
identical with the viscosities from the first method of analyzing Lv (Table 2.1). The 
advantage of the second method of analysis is that it does not involve the velocity v of 
the fluid flow; therefore sequential images with short time interval (1 second in the 
current work) are no longer needed. Through the second method of analysis, a consumer 
digital camera with a timer will suffice to measure the viscosity on the PDMS 
viscometer. 
2.7 Dynamic Contact Angle 
An important assumption in the mechanism of the PDMS viscometer is that the 
pressure due to the capillary force {Pc) remains constant during the measurement, i.e., 
the dynamic contact angle is constant. It has been known that the dynamic contact 
angle of a moving fluid on a solid substrate is a function of the moving velocity. [46-50] 
In our experiment, the velocity of the fluid was in the order of mm s'\ In this velocity 
range, a change of the velocity could lead to significant change in the dynamic contact 
angle. However, during our experiment there was a fairly long period of about 50 
seconds (from t = 20 second to t = 70 second) that the velocities of all the fluids except 
ethanol and 1-propanol in the microchannel decreased by less than 20 % (Figure 2.6). 
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This stable period provided a window for our measurement, and the results proved that 
it was valid to assume Pc was constant during our measurement. 
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Figure 2.6 The plot of Vsampie versus t of the following fluids: glycerol solutions with 
concentration 10%, 50%, 60%, 70%, 80%, 85%, ethylene glycol, propylene carbonate, 
FC-3283, lysozyme solution, DMSO, ethanol and 1-propanol. 
2.8 Conclusions 
We have developed and validated a PDMS-based microliters viscometer. In 
addition to the ultralow consumption of the sample and high accuracy and precision, the 
PDMS viscometer has the following attractive points: (1) The PDMS viscometer is easy 
to fabricate, and the low cost makes it possible to be disposable; (2) The measurement 
using the PDMS viscometer is simple and fast, and the transparency of PDMS facilitate 
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the observation of the fluid flow; (3) A variety of fluids, including aqueous solutions, 
organic solvents, fluorinated hydrocarbon, are applicable on the PDMS viscometer. An 
important application of the PDMS viscometer would be measuring the viscosity of 
blood plasma; (4) The PDMS viscometer is able to measure viscosity from 1 mPa s to at 
least 80 mPa s. Higher viscosity can be measured by using a high-viscosity reference 
fluid. The measurement has high accuracy and precision, in good agreement with the 
results from the Ubbelohde viscometer. The coefficient of variance is 3 % or better for 
most of the tested fluids. In the current work, the PDMS viscometer is limited to 
Newtonian fluids. However, it is possible to extend the application to non-Newtonian 
fluids by generating different shear rates in the microchannel. We believe that the 
PDMS viscometer will be useful in a broad range of application such as food and 
chemical industries, where many fluids can be tested quickly on disposable viscometers, 
and medical diagnosis, where only minute amount of fluid is needed for the viscosity 
measurement. 
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Chapter 3 PDMS viscometer for microliter Non-Newtonian fluid 
3.1 Introduction 
The flow characteristics of liquids are mainly dependent on the viscosity and are 
broadly divided into three categories: (a) Newtonian (b) Time independent 
non-Newtonian and (c) Time dependent non-Newtonian. When the viscosity of a fluid 
remains constant and is independent of the applied shear stress, such kind of a fluid is 
Newtonian fluid. We have discussed PDMS viscometer for Newtonian fluids in last 
chapter. In this chapter we will move on to the non-Newtonian fluids. 
In the case of the non-Newtonian fluids, viscosity depends on the applied shear 
force and time. For time independent non-Newtonian fluid, when the shear rate is varied, 
the shear stress does not vary proportionally. The most common types of time 
independent non-Newtonian fluids include psuedoplastic，dilatant and Bingham 
plastic.[2] (Figure 3.1) 
Psuedoplastic is a type of fluid displays a decreasing viscosity with an increasing 
shear rate and sometimes called shear-thinning. For example, polymer solution and 
melts, ink-jet printing inks are all shear thinning fluids. On the contrary, the fluid type, 
dilatant displays increasing viscosity with an increase in shear rate and is also called 
shear-thickening. Starch solution and sand suspension are common examples. Bingham 
plastic fluid usually needs a certain amount of force before any flow is induced. For 
example, the shear rate is zero if the shearing stress is less than or equal to a yield stress 
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Co (Figure 3.1). Bingham plastic is idealized representation of many real materials. 
Bingham plastic 
^ Z ^ ^ Pseudoplastic 
S / Newtonian fluid 
S / Z y Dilatant 
Shear Rate | 
Figure 3.1 Several common types of fluids based on viscosity. 
Time dependent non-Newtonian fluids display a change in viscosity with time 
under conditions of constant shear rate. One type of fluid called thixotropic undergoes a 
decrease in viscosity with time (Figure 3.2a). At the same time, the other type of time 
dependent non-Newtonian fluid is called rheopexic. The viscosity of rheopexic fluids 
increases with the time as it is sheared at a constant rate (Figure 3.2b). 
(a)| (b) 
Time Time 
Figure 3.2 Two types time dependent non-Newtonian fluids, (a) Thixotropic fluid, (b) 
Rheopectic fluid. 
Of such many types of non-Newtonian fluids, we will only focus on two types time 
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independent non-Newtonian fluids, psuedoplastic (shear-thinning) and dilatant 
(shear-thickening) in this thesis. Many non-Newtonian fluids in our daily life are of 
these two types and more importantly, the non-Newtonian viscosity of these fluids can 
be studied using a two-parameter power law model, which could be realized in our 
PDMS viscometers. 
The viscosity of non-Newtonian fluid is widely studied in a wide of fields, such as 
basic research, chemical industry and clinical diagnosis. For example, the 
non-Newtonian viscosity of polymer solutions and melts is important in designing 
processes like injection molding and extrusion. The viscosity of inks is essential in the 
distribution of ink on printing paper. Similarly, the viscosity of paintings and coatings 
. determines the final thickness and consistency. In medical diagnosis, anomalies of 
whole blood, whole saliva are associated with diseases such as ischaemic heart disease, 
stroke [51] and familial hypercholesterolemia [52]. 
There are primarily three types of commercial viscometers for non-Newtonian 
fluids: capillary viscometers, rotational viscometers and vibrational viscometers. Glass 
capillary viscometers are most convenient for the determination of the viscosity of 
Newtonian fluids. The same principles can also be applied to measuring the viscosity of 
non-Newtonian fluids; however, an external pressure will be necessary to make the 
non-Newtonian fluids flow through the capillary. Rotational viscometer operates on the 
principle of measuring the rate of rotation of a solid shape in a viscous medium upon 
application of a known force or torque required to rotate the solid shape at a definite 
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angular velocity. Rotational viscometers are good for non-Newtonian fluids because of 
steady state conditions, multiple measurements with the same sample at different shear 
rates. However, rotational viscometers are usually more elaborate and less accurate than 
capillary type. Vibrational viscometers measure the damping of an oscillating 
electromechanical resonator in the test fluid and are usually used in the petrochemical 
industry for on-line measurement of viscosity. A major limitation of these viscometers is 
still that milliliter or more fluid is needed for the measurement. Such amount 
consumption of the fluid is acceptable in industrial application, however, is not 
appropriate for many biological and medical samples, which are often available in 
microliter or less. 
To address this issue, some miniaturized non-Newtonian viscometers have been 
developed recently.[32, 53, 54] For example, Srivastava et al. built a silicon-glass 
hybrid microfluidic device to measure the viscosities of non-Newtonian fluids by 
capillary force. [32] Measurement of the flow rate and the distance that the fluid had 
traveled allowed the calculation of the fluid viscosity. Sub-microliter volume of the 
sample was needed for the measurement. However, this method was limited to 
low-viscosity fluids because of weak pressure induced by capillary force. In addition, 
the fabrication of the silicon-glass device was costly. Girardo et al. studied the 
theological properties of a non-Newtonian cresyl gylcidyl ether (CGE) liquid within 
lithographically defined microchannels in the temperature range 286-333 K and for 
shear rates between 0.07 and 1 s"'.[53, 54] They investigated the glass transition 
behavior of the non-Newtonian fluid CGE by varying the temperature; however, they 
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cannot obtain viscosity as a function of shear rate due to the complex capillary force in 
the hybrid microchannels. 
In this chapter, we developed a PDMS-based viscometer for non-Newtonian fluids. 
This viscometer greatly simplified the viscosity measurement, and did not need syringe 
pumps for flow control. As discussed in last chapter, degassed PDMS can be considered 
as vacuum source, which could be controlled by degassing time and chamber size of 
PDMS devices. Therefore we could generate a wide range of shear rates in PDMS 
microchannels by a single PDMS viscometer with different chamber sizes and 
degassing times. By characterizing the movement of the fluid, the viscosity of the fluid 
under certain shear rate could be calculated and viscosities over the whole range of 
shear rate could be obtained. To demonstrate, the viscosities of dilute polymer fluids, 
such as poly(ethylene oxide) (PEO) as well as starch solution were successfully 
measured under shear rates varying from 10 to 1000 s'^ 
3.2 Configuration of the PDMS viscometer 
In order to study the non-Newtonian fluid viscosity, it is important to change the 
shear rate. In the last chapter, when we dealt with Newtonian fluid, we tried to enlarge 
the chamber to maintain a relative constant internal pressure. On the contrary, here in 
this chapter, we need a shear force gradient. Therefore a smaller chamber is what we 
need for non-Newtonian fluid viscometer. The PDMS viscometer consisted of two 
chambers (one is 2 mm x 2 mm x 60 ^im; the other is 6 mm x 26 mm x 60 |_im), each 
connected with two microchannels: sample channel (SC, /z � 6 0 \xm, w � 1 0 0 |Lim, Xtotai � 
29 
23 cm) and reference channel (RC, h �60 jam, w � 1 0 0 jam, Itotai � 2 3 cm) (Figure 3.3). 
Here h and w are the height and width of the channels respectively. There is a short 
microchannel connecting two chambers and is used for filling chambers with viscous 
fluid. We chose proper viscous fluid so that it just filled almost the entire chamber 
during the whole experiment period so as to increase the range of shear rate. This kind 
of design is good to generate a shear rate range 10 ~ 1000 s]，which is commonly used 
for most non-Newtonian fluids. 
• 
Figure 3.3 A photograph of a non-Newtonian PDMS viscometer. The two chambers' 
dimension were 26 mm x 6 mm x 60 \im and 2 mm x 2 mm x 60 fim respectively. 
There were arrays of supporting posts to prevent the collapse of both chambers. Each 
chamber was connected with two channels: sample channel (SC) and reference channel 
(RC). A hole on the channel connecting two chambers was used to fill a viscous fluid to 
reduce the chambers' sizes. 
The procedures for PDMS devices making by soft lithography are as followed. A 
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degassed 10:1 mixture of PDMS precursor with the curing agent (Sylgardl84, Dow) 
was cast onto the relief mold on silicon wafer. [19, 21, 34] The relief mold was 
fabricated by photolithography technique using SU-8 (Microchem) as the photoresist. 
After being cured at 60 °C for at least 2 hours，the PDMS slab (about 3 mm thick) was 
cut and peeled off from the mold and treated by air plasma ( P l a s m a - P r e p T M n，SPI). A 
flat PDMS slab and a PDMS slab with the patterned microchannels were bonded to 
form a PDMS viscometer. 
3.3 Theory for non-Newtonian fluid 
The viscosity of a non-Newtonian fluid, rj, is no longer constant at different shear 
rate, and could be considered as a function of the shear rate, f , i.e. 
rj = f i r ) (3.1) 
Generalized Newtonian models have the capability to describe non-Newtonian 
fluids without elucidating upon the time-dependent or elastic effects. One of widely 
used model is the two-parameter power law expression: 
77 = mf"-' (3.2) 
where n and m are constants which characterize the fluid: « = 1 for Newtonian fluid, n < 
1 for shear thinning, and « > 1 for shear thickening. From equation 3.2, we could obtain 
the relation between shear stress and shear rate for a power law fluid, 
T = ri-y = my" (3.3) 
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where r is the shear stress. 
To characterize power law fluid, it is necessary to determine the two constants m 
and n. In our experiment, we have microchannels with rectangular cross section and 
shear stress at the wall could be obtained, 
r (3.4) 
4 L 
where L is the length of the fluid column inside the channel at time t ；AP is the pressure 
drop between the inlet and the moving front of the fluid; dh is the hydraulic diameter of 
the channel, dh = 2hwl{h-^w).[36] 
And the shear rate at the wall is,[55] 
+ = + (3.5) 
where y ^ is the apparent or Newtonian shear rate at the wall, 
. 二 4 6 二 = (3.6) 
n{d,J2f d j l d, 
By solving (3.4) and (3.5) with power law (3.3), the viscosity of a power law fluid is 
obtained, 
n = = ^ ^ (3.7) 
f^ 5(3/4 + l /4«) Lv 
where 5 is a constant related to the channel geometry, and for rectangular cross section, 
Sis 32;[35] 
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Similar to our PDMS viscometer for Newtonian fluids, there are also two 
contributions to AP, APd and Pc, and AP = APd + Pc (Figure 3.4). APd is the difference 
between the internal and external air pressure, i.e., APd = P � - Pi, where P�is the 
atmosphere pressure and P, is the air pressure inside the PDMS channel; Pc is the 
pressure contributed by capillary force, i.e., P�= -cos外丄 + 丄），[37] where y is the 
h w 
surface tension of the fluid, and 0 is the dynamic contact angle of the fluid with PDMS 
(Figure 3.4) 
Figure 3.4 Pressures in the degassed PDMS viscometer. P � i s the atmosphere pressure; 
Pi is the air pressure inside the PDMS channel; Pc is the pressure caused by capillary 
force; L is the length of the fluid inside the channel; 0 is the dynamic contact angle of 
the fluid with PDMS. 
In our experiment, time zero {t = 0) is defined as the moment when both reference 
and sample channel are blocked. Due to the dynamic process of the diffusion of air into 
PDMS from the channel and the chamber, the internal pressure 尸,monotonously 
decreases with t when t > 0, therefore P, = P, (0； accordingly AP = Po-Pt (0 + Pc. In 
our system, P, (0 is the same value for both fluids at any time t, therefore for reference 
fluid, which is Newtonian fluid, we could obtain, 
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,2 ”referenceLrefemic人ty^refererw人t) - P � ( 0 ^c,referen<x (3.8) 
"/j 
For sample fluid, which is non-Newtonian, according to equation 3.7 there is, 
" 一 (3 / 4 +1 / 丨Xt)v_p 丨Xt) = P„-PXt) + Pa,sample (3.9) 
dh 
Rearrange the result of Equation 3.8 - Equation 3.9, we obtain 
4ere.„ce(0v.re.e„ce(0 = " — ( 3 ^ 4 + 1, 4”) + ‘ ^ ^ 乂 ^ l e (3.IO) 
Preference "reference 
On the other hand, for a power law fluid sample we have, 
�8v( / ) (3 /4 + 1/4")T-i 
” sa一 = 町 = m (3.11) 
L dh � 
We substitute rjsampk in (3.10) by (3.11) and we could obtain equation (3.12) 
L (t)v g v /K8/為,广1(3/4 + 1/4”)” r 
r^eference ) ^ reference V) - s^ample V JI�sample Ji 
reference /o i 
P 一 p … 
+ d 2�c,reference 丄 c,sample 
'/reference 
By the rearrangement of equation (3.12), we have, 
A e f e r e n c e � V ; ( 0 = � � [ � ^ 一 ( O F + Q (3.13) 
人sample (/) 
Where c , -树8/",广1(3/4 + 1/4")”，〔^ — < — 户 e 
"reference "reference • 
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) 
Apparently, C! is constant because m and n are both constant for any defined 
non-Newtonian fluids. Assuming that P � i s constant during the measurement for both 
the non-Newtonian sample and the Newtonian reference fluids, C2 is also a constant. In 
the experiment, L and v can be measured, and 丄reference(,Keference(0 , could be 
丄 sample ( 0 
calculated. Therefore we could get the value of «，and then m by fitting equation (3.13). 
3.4 Viscosity Measurement of non-Newtonian fluids 
After the fabrication, both the top and the bottom of the PDMS viscometer were 
covered by a piece of glass slide. The PDMS viscometer was then placed in a vacuum 
desiccator, and kept for about 15 min under a vacuum of 10 kPa. After the degassing 
process, the PDMS viscometer was taken out and placed under a stereomicroscope 
(MZ16，Leica) equipped with a CCD camera (SPOT Insight, Diagnostic Instruments). 
One droplet of 5fiL viscous fluid (PDMS prepolymer) was added to the hole in between 
the two chambers. Then two droplets (5|liL each), one with the unknown viscosity 
(sample fluid) and the other with known viscosity (reference fluid), were added 
separately by micropipette to the inlets of the two microchannels of the PDMS 
viscometer. When both of the two inlets were blocked, the CCD camera started to 
capture the images at an interval of certain time period. The images were analyzed by 
Image J (NIH) to measure the distances of the running front of each stream from the 
inlets. 
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3.4.1 Measurement of PEO polymer solutions 
3000 ppm poly(ethylene oxide) (PEO), MW � 8 000 000 (Sigma-Aldrich) solutions 
was prepared for experiment. It required about 2 days for complete dissolution. To 
minimize the effect of degradation, experiments were done within 2 days after the 
solutions were prepared. 
We first carried out the viscosity measurement of the 3000 ppm PEO at 25 °C and 
using 80 % glycerol solution as reference solution. The PDMS viscometer was placed 
on top of a heating plate, with the temperature of the microchannel monitored by a 
thermometer microprobe inserted into PDMS close to the microchannel. 
3.4.2 Measurement of starch solutions 
1.0 wt. % starch solution was prepared by dissolving starch powder (GR, Fisher, 
Hong Kong) into deionized (DI) water. After starch power was dissolved into DI water, 
the starch solution was cooked by heating the solution for 10 min at its boiling point. 
Cooking process could make the starch solution more stable and uniform. Starch 
solution was cooled down to the room temperature and then kept in 25 water bath for 
experiment. 
We carried out the viscosity measurement of the starch solution at 25 °C and using 
50 % glycerol solution as reference solution. The PDMS viscometer was placed on top 
of a heating plate. The temperature of the microchannel was monitored by a 
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thermometer microprobe inserted into PDMS close to the microchannel, and the 
temperature was maintained at 25 
3.5 Data analysis 
From two images with a time interval At, the increase of the length AL of both 
sample and reference fluids could be measured (Figure 3.5), and then velocity could be 
calculated by v = AL/At. Both Lreference^reference / Lsample and Vsampie could be obtained as a 
function of time. According to Equation 3.13，by plotting the curve of Lre/erenci^ reference / 
Lsampie vcrsus Vsampie, wc could get the value of n, and then m by fitting the curve. 
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Figure 3.5 Measurement of AZreference and Alsampie from two images with a time interval 
At. Scale bars are 2 mm. 
Let's take 3000 ppm PEO solution as an example, a curve of LreferenceVreference 丨 
Lsampie vctsus Vsampie could be drawn (Figure 3.6) and a fitting equation y = 0.602x0.679, 
with = 0.999 could be obtained. Compared with equation 3.13, we could easily 
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Figure 3.6 A plot of Lreference^reference 丨 Lsample VCrSUS Vsample of 3000 ppm PEO SOlutiOH, 
MW ~ 8 000 000. The fitting equation is 少 = w i t h R^ = 0.999. 
In theory we could make such an estimation. In the experiment of 3000 ppm PEO 
solution and using 50 % glycerol solution as reference fluid: dh = 2hwl{h+w) = 75 |am; 
P =2y- cos 0{— + 丄 )� 1 0 3 Pf l，= 32，rjreference ~ 5 mPa.s，therefore, 
h w 
Q = d,'�reference-‘mple ^ j q-3 � 历 所 
Preference 
i.e., the omission of C2 could cause a relative error < 1%. Equation 3.13 could be further 
simplified as 丄reference � � e f — e � 二 C i [v一 � ] ” • By taking logarithms to each side of 
丄 sample (0 
the equation, we could obtain, Ig r^eference(0Vreference(0 =打lg[v删pie(0] + By plotting 
丄 sample ( 0 
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Ig 乙二 e � V f (0 versus lg[Vsa_ � ] , t h e slope of " is obtained, then m could be 
-^ sample CO 
calculated (Figure 3.7). 
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Figure 3.7 A plot of Ig ^reference(0v,eference(0 ygrSUS l g K , , „ p , e ( 0 ] Of 3000 ppill PEO 
^sample ( 0 
solution, MW ~ 8 000 000. The slop was n = 0.679 and m was calculated as 124 
Knowing n and m, the non-Newtonian viscosity profile could be calculated by 
equation 3.11 (Figure 3.8). It is obvious that PEO solution is a typical shear-thinning 
fluid with n = 0.68，which the viscosity decreased from 65 mPa-s to 22 mPa.s as the 
shear rate increased from 10 to 177 s'\ The experiment results are in good agreement 
with conventional AR-G2 Rheometer (TA instrument). Finally the PDMS viscometer 
was also validated for its capability in measuring a shear-thickening fluid sample, 1.0 wt. 
% starch solution (Figure 3.9). The viscosity of 1.0 wt. % starch solution increased from 
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1.3 mPa-s to 4.7 mPa.s as the shear rate increased from 480 to 1130 s"^ 
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Figure 3.8 Non-Newtonian viscosity as a function of shear rate for 3000 ppm PEO 
solution, MW � 8 000 000 at 2 5 � C . Triangles are experiment data collected by 
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Figure 3.9 Non-Newtonian viscosity as a function of shear rate for 1.0 wt. % starch 
solution, at 25 
3.6 Conclusion 
On the basis of PDMS viscometer for Newtonian fluids, we have developed a 
PDMS-based viscometer for non-Newtonian fluids. A wide range of shear rate from 10 
to 1000 s—i was obtained by controlling the chamber size of PDMS viscometer. The 
non-Newtonian PDMS viscometer inherits Newtonian PDMS viscometer and has the 
following attractive points: (1) The amount of the sample consumption for PDMS 
viscometer is as small as several microliter; (2) PDMS viscometer is easy to fabricate, 
and cheap (US$ 0.5/ chip) to be disposable; (3) The measurement using the PDMS 
viscometer is simple and fast, and the transparency of PDMS facilitate the observation 
of the fluid flow; (4) The PDMS viscometer is able to measure viscosity from 1 mPa.s 
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to 100 mPa.s under a wide shear rate from 10 to 1000 s'\ Higher viscosity can be 
measured by using a high-viscosity reference fluid. In the current work, the 
non-Newtonian fluids are limited to time independent non-Newtonian. However, it is 
also possible to extend the application to time dependent non-Newtonian fluids such as 
thixotropic and rheopectic fluid by monitoring viscosity change versus time under 
constant shear rate. We believe that the PDMS viscometer will be useful in a broad 
range of applications such as food and chemical industries, where many fluids can be 
tested quickly on disposable viscometers, and medical diagnosis, where only minute 
amount of fluid is needed for the viscosity measurement. 
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